We report on the operating parameters and laser output pulse characteristics of an extremely compact discharge-pumped 46.9-nm laser of a size comparable with that of many widely utilized visible and ultraviolet gas lasers. This capillary-discharge laser generated subnanosecond laser pulses with energies of as much as 25 mJ by single-pass amplification in an 18.6-cm-long argon-plasma column. Measurements of the laser output energy, pulse width, far-field beam profile, and beam divergence are reported.
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The development of tabletop soft-x-ray laser sources that are simple to operate is expected to have an important impact in several disciplines, including surface science, photophysics and photochemistry, and biology. Several ultrashort-wavelength laser excitation schemes that utilize as pump sources compact lasers with pulse widths ranging from femtoseconds to nanoseconds are currently being investigated. 4 -8 In particular, significant progress has been made in the past two years with ultrashort laser pulses. 4 -8 Our approach consists of generating the lasing media by direct discharge excitation. 9 -11 In this excitation scheme elongated plasma columns are generated in capillary channels by fast discharge excitation. The fast current pulse rapidly compresses the capillary plasma to form a dense and hot column with a length-to-diameter ratio approaching 1000 : 1. During the f inal stage of the compression, the necessary plasma conditions for soft-x-ray amplification by collisional excitation of multiply ionized atoms are obtained. The implementation of this scheme resulted in the f irst demonstration of large soft-x-ray amplification in a discharge-created plasma 10 in the 46.9-nm line of Ne-like Ar. Subsequent optimization of the Ne-like Ar laser resulted in gains of as much as exp͑27͒ and in saturated operation of the amplifier.
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Recently we also obtained an amplif ication of exp͑7.5͒ in Ne-like S at 60.8 nm. 12 In those proof-of-principle experiments, no effort was made to optimize the laser output or minimize the size of the device.
In this Letter we report on the laser output pulse characteristics and the operating parameters of an extremely compact 46.9-nm Ne-like Ar capillarydischarge soft-x-ray laser. This laser, which is comparable in size with many widely utilized visible and ultraviolet gas lasers, produced laser pulses with energies of as much as 25 mJ by single-pass amplification through the capillary channel. This energy is approximately four times larger than what we previously reported at this wavelength for single-pass amplification. The results demonstrate the feasibility of developing extremely compact and practical discharge-pumped ultrashort-wavelength lasers for applications.
The laser is shown in Fig. 1 in comparison with a 5-mW He -Ne laser. Lasing is produced when a 4-mm-diameter polyacetal capillary channel filled with preionized pure Ar gas is excited with the current pulse shown in Fig. 2 . The current pulse, which has an amplitude of ഠ37 kA and a first half-cycle duration of ϳ70 ns, is created by discharge of a water dielectric Blumlein transmission line through a spark gap pressurized with SF 6 . The transmission line is pulse charged by a four-state Marx generator. The Marx generator is contained in a separate box that sits on the f loor and is connected to the laser head shown in Fig. 1 with a coaxial cable. We maintained an Ar pressure of ϳ600 mTorr in the capillary by continuously injecting Ar and differentially pumping it with a turbomolecular pump.
The temporal evolution and the energy of the laser pulse were measured with a vacuum photodiode with an aluminum photocathode, which was positioned on axis with the capillary at a distance of 150 cm from the exit of the plasma column. Figure 2 shows the temporal evolution of the axially emitted radiation in relation to the current pulse for an 18.6-cm-long capillary. The onset of the laser pulse occurs at ϳ39 ns after the beginning of the current pulse with shot-to-shot f luctuations of less than 60.2 ns. It should be noticed that under optimized conditions the intensity of the spectrally integrated soft-x-ray incoherent radiation emitted in the solid angle of the detector is negligible in comparison with that of the laser pulse. Figure 3 shows the temporal prof ile of a typical laser pulse. The laser pulse widths were measured to range from 0.6 to 0.7 ns. The laser pulse energy that was generated was measured for capillaries of lengths ranging from 8.7 to 18.6 cm. To avoid saturation of the photodiode, we attenuated the laser beam with stainless-steel meshes of calibrated transmissivity. Since the objective of these measurements was to determine the laser energy that can be obtained with this device rather than to obtain an accurate measurement of the gain, the current pulse width was not kept strictly constant for all capillary lengths. As illustrated in Fig. 4 , the laser output energy increased from ϳ0.3 mJ for an 8.7-cm-long plasma to as much as 25 mJ for 18.6-cm-long plasma columns. In the longest capillaries the laser intensity reaches the saturation intensity level several centimeters before the end of the plasma column, allowing for eff icient energy extraction. The measured energy values correspond to the laser photon f luxes that reach the photodiode. Since the beam is partially attenuated by neutral-gas absorption, the energy can be expected to be higher at the exit of the amplifier. Double-pass amplification would produce laser pulses with higher energy, 11 but mirrors deteriorate rapidly when placed in close proximity to the plasma. Therefore, the singlepass generation of laser pulses with substantial energy and power that is reported here (as much as 25 mJ, ഠ40 kW) is of practical interest for repetitive operation.
The laser was repeatedly f ired at a rate of up to 2 shots͞min, for as many as 300 shots in a single capillary. Figure 5 shows the shot-to-shot laser output intensity f luctuations from a 12.4-cm-long capillary fired at 30-s intervals. The f luctuations in the intensity are more a result of variations in the formation of the plasma column than a consequence of shot-toshot variations in the peak magnitude of the current pulse. The laser output power slowly decreases as a function of the number of shots in a new capillary, as the capillary deteriorates with use owing to discharge ablation of the walls. High output power was typically obtained for the first 50 to 100 shots in a new capillary. Nevertheless, lasing at degraded output energies was observed for at least 300 shots.
We obtained a direct measurement of the beam divergence by recording the far-f ield pattern of the laser beam 160 cm from the exit of the capillary. The laser beam prof iles were recorded by a multichannel-plate intensified CCD detector. The multichannel plate was gated to record the laser beam prof ile more clearly by avoiding the background caused by the long-lasting spontaneous emission radiated by the plasma column. Figure 6 illustrates the results of the beam-prof ile measurements for a capillary 14.8 cm in length. Two different characteristic beam prof iles were observed, one a smooth prof ile with maximum intensity on axis and a second with an annular intensity distribution. The f irst was measured to have a beam divergence of 3.5 6 1 mrad. The doughnut-shape prof ile, which has a larger divergence, could correspond to plasma columns that have larger density gradients. The correspondingly larger variation of the index of refraction def lects the rays away from the axis of the plasma column, causing the observed ring structure in the far field. 13, 14 The angular separation between the radially opposite peaks of the annular prof ile is typically 6.5 6 1 mrad.
In summary, we have obtained 46.9-nm laser pulses with energies of as much as 25 mJ and powers of as much as 40 kW with an extremely compact dischargepumped tabletop amplifier. The laser pulse width, far-f ield beam prof ile, and beam divergence have also been measured. This is to our knowledge the f irst demonstration of a soft-x-ray laser of a size comparable with that of many widely utilized optical and ultraviolet lasers that is capable of producing substantial output pulse energy. These results are expected to lead to the use of very compact and practical discharge-pumped ultrashort wavelength lasers in applications.
